INTRODUCTION
Plants display a high degree of developmental plasticity in response to the dynamics of changing environmental conditions. This plasticity enables plant cells to integrate intrinsic and extrinsic signals to optimize their developmental patterns in a way that maximizes the chances of survival and reproduction for the organism as a whole (Kendrick and Kronenberg, 1994) . Of all the environmental signals to which plants have to respond, light is probably the single most important cue. To integrate light signals, higher plants have evolved a sophisticated photosensory system that detects the quality, quantity, direction, and duration of light (Jiao et al., 2007) . This photosensory system in turn triggers morphological and developmental changes. For example, dark-grown (skotomorphogenic) seedlings are characterized by elongated hypocotyls, closed cotyledons on an apical hook, and nonphotosynthetic etioplasts. By contrast, light-grown (photomorphogenic) seedlings have short hypocotyls, expanded cotyledons, and photosynthetically active chloroplasts (von Arnim and Deng, 1994) .
To initiate proper morphological and developmental changes in response to ambient light, higher plants rely heavily on lightresponsive nuclear genes, which direct appropriate growth and developmental responses. Therefore, developmental patterns are mediated primarily by changes in light-regulated gene expression (Terzaghi and Cashmore, 1995; Puente et al., 1996) . The majority of light-regulated genome expression is attributable to CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) activity . COP1, a central switch in light signal transduction, acts as an E3 ubiquitin ligase to repress light signaling by targeting photoreceptors and downstream transcription factors such as LONG HYPOCOTYL5 (HY5) and HY5-HOMOLOG (HYH) for ubiquitylation and degradation in darkness (Osterlund et al., 2000; Holm et al., 2002) . On the other hand, HY5 and HYH are positive regulators of photomorphogenesis that bind to specific motifs in light-inducible promoters (Holm et al., 2002) . The full range of HY5 target genes was recently unveiled using a specific antibody and DNA chip hybridization with the chromatin DNA bound as a probe (ChIP-chip; Lee et al., 2007) . This study alone identified ;3800 binding targets of HY5 that include many transcription factors. Thus, it is not surprising that the expression of several thousand genes is influenced by light (Ma et al., 2001; Jiao et al., 2005) . This massive reprogramming of genome activity during plant photomorphogenesis is likely to involve chromatin-level regulation.
Extensive high-resolution studies have established that chromatin remodeling plays an important role in regulating chromatin states that affect transcription (Zhang et al., , 2007 Zilberman et al., 2007; Li et al., 2008; Wang et al., 2008 Wang et al., , 2009 Schones et al., 2008) . These genome-wide studies provided a glimpse of the overall eukaryotic chromatin architecture. The knowledge accumulated so far points to functional chromatin domains differentiated by posttranslational histone modifications, histone variants, and DNA methylation that define levels of chromatin organization and gene activity (Henikoff, 2008) .
In a nucleosome assembly state, DNA is very compact and the histone proteins block gene expression by preventing the association of transcription factors with their binding sites and obstructing the transcription machinery from moving along the DNA strands. A diverse array of posttranslational covalent modifications (e.g., methylation, acetylation, and phosphorylation) of the histone tails can influence nucleosome compaction and access to the DNA (Rice and Allis, 2001) . Specifically, active chromatin is typically enriched in acetylated lysines on histones H3 and H4. Lys has a positively charged amino group in its side chain. This amino group can be acetylated, which neutralizes its charge and therefore reduces its potential for electrostatic interactions with negatively charged DNA and negatively charged regions of the histone complex. Thus, acetylation of histone tails fosters nucleosome unwrapping and mobility such that transcription complexes can bind (Rice and Allis, 2001 ). On the other hand, methylation renders these specific lysines immune to acetylation and can signal either activation or repression. Thus, different modifications form a complex regulatory network fundamental to normal development (Strahl and Allis, 2000; Rice and Allis, 2001; Margueron et al., 2005; Berger, 2007) , which, we hypothesize, would allow for the existence of a specific regulatory program for photomorphogenesis.
Analyzing the effects of light on histone modifications has only just begun. Previous studies have demonstrated that lightregulated expression of the pea (Pisum sativum) plastocyanin gene (PetE) is specifically associated with the acetylation of histones H3 and H4 (Chua et al., 2001 (Chua et al., , 2003 . Furthermore, results from genetic analyses of histone acetyltransferase and histone deacetylase mutants in Arabidopsis thaliana suggest a role of histone acetylation in light-activated gene expression (Bertrand et al., 2005; Benhamed et al., 2006; . Moreover, it has recently been shown that changes in acetylation of Lys-9 on histone H3 (H3K9ac) in four representative genes in plants grown under different light conditions were an important component of light-regulated gene transcription during seedling development in Arabidopsis (Guo et al., 2008) .
However, a systematic genome-wide analysis of the regulation of histone modifications during photomorphogenesis is not available to date. Here, we describe high-resolution mapping of the acetylation and trimethylation patterns of lysines 9 and 27 on histone H3 (H3K9ac, H3K9me3, H3K27ac, and H3K27me3) in response to changing light conditions in Arabidopsis. We compare global histone modifications patterns of dark-grown seedlings with dark-grown seedlings moved to light. This in-depth, genome-scale analysis provides new and comprehensive insights into the dynamics of histone modification in response to the plant's changing light environment.
RESULTS

Light Regulates Genes in a Function-Dependent Manner
A recent study presented evidence for a relationship between mRNA steady state levels and H3K9ac levels at four representative light-regulated loci in Arabidopsis (Guo et al., 2008) . This relationship was particularly pronounced when dark-grown seedlings were moved to white light for 6 h. To extend these pioneering observations to a dynamic picture at the wholegenome level, we used dark-grown wild-type Arabidopsis seedlings that were exposed to either 0 or 6 h of white light ( Figure 1A) . These seedlings will be called D and D to L, respectively, hereafter. Etiolated plants presented the typical phenotypic traits associated with skotomorphogenic development (i.e., long hypocotyls, closed cotyledons, and inhibition of chlorophyll biosynthesis). Upon exposure to light, signs of photomorphogenic development were clearly visible as green cotyledons started to unfold. Using Affymetrix ATH1 arrays, which include 24,000 Arabidopsis genes, we performed a genome wide transcriptome analysis to verify the extent to which changes in gene expression are associated with these obvious phenotypic differences.
Previous studies estimated that light affects the expression of 19 to 32% of all detectable genes in Arabidopsis (Ma et al., 2001; Jiao et al., 2005) . Examination of the ratio of gene expression in D to L seedlings versus that in D seedlings indicated that 15% (2421 out of 16,344) of all genes whose expression could be detected were regulated by light at this developmental stage (see Supplemental Data Set 1 online). Specifically, we found that 1468 genes were induced and 953 genes were repressed by at least twofold, with a P value below 0.0001 ( Figure 1B ; see Supplemental Data Set 1 online).
To determine the nature of these light-regulated genes, Gene Ontology (Ashburner et al., 2000) terms were assigned and comparisons for both downregulated and upregulated genes were performed. The annotations were then grouped according to ontologies reflecting cellular components ( Figure 1C ). When wild-type D to L seedlings were compared with D seedlings, upregulated genes were enriched in chloroplast, cytosol, and ribosome categories, while genes downregulated by light were mostly enriched in cell wall, endoplasmic reticulum, mitochondria, and nucleus categories ( Figure 1C ). This means that light affects gene expression not only genome wide, but also in a function-dependent manner.
Light-Regulated Histone Modification Patterns Correlate with Gene Expression in Euchromatic Regions of Arabidopsis Chromosomes
After establishing that the phenotypic variations observed after the light treatment were associated with changes in gene expression, we sought to determine if the global patterns of four histone modifications were also altered in response to light. To accurately map histone modifications on Arabidopsis chromosomes, we used Affymetrix Arabidopsis tiling array 1.0R. This array contains >3.2 million of 25-mer probe pairs tiled over the complete nonrepetitive Arabidopsis genome at a median resolution of 35 bp.
Genomic regions associated with modified histones were recovered by chromatin immunoprecipitation (ChIP) with specific antibodies that recognize H3K9ac, H3K9me3, H3K27ac, and H3K27me3, respectively (see Supplemental Figure 1 online). The recovered DNA fragments were labeled and hybridized to tiling arrays using nucleosomal DNA as a control, which allowed specific histone modifications to be quantified for each probe. To identify genomic regions significantly enriched in H3K9ac, H3K9me3, H3K27ac, and H3K27me3, we used a two-state hidden Markov model (TileMap) based on probe-level t statistic included in the CisGenome package (Ji et al., 2008) . Although TileMap was originally developed for transcription factor binding site analysis, this model has proven to be effective and reliable to map DNA methylation and H3K27me3 regions in Arabidopsis (Zhang et al., , 2007 .
The overall distribution patterns of H3K9ac, H3K9me3, H3K27ac, and H3K27me3 modifications, gene expression, and gene distribution over the five Arabidopsis chromosomes are shown in Figure 2 . The four histone modifications were highly enriched in the euchromatic arms pointing away from pericentromeric regions. This pattern resembled the distribution of genes and is consistent with results from transcription (this study; Yamada et al., 2003) , mapping (J. Zhou, X. Wang, X. He, J.-B.F. Charron, A.A. Elling, and X.W. Deng, unpublished data; Zhang et al., 2007) , and immunofluorescence (Naumann et al., 2005) 
Light Modulates the Correlation Strength between Specific Histone Modifications and Gene Expression
To characterize the histone modifications of interest at the gene level, we defined the territory of a gene as its body (annotated transcribed region) plus its putative promoter region reaching 1 kb upstream of the annotated transcription start site (TSS), while DNA between gene territories was designated as intergenic regions. Based on our definition of a gene territory and according to The Arabidopsis Information Resource (TAIR) Arabidopsis genome annotation 8.0 release, the Arabidopsis genome is composed of 59.1% nontransposable element (TE) proteincoding genes, 23.4% TEs, and 17.6% intergenic regions ( Figure  3A ). As shown in Figure 3B , acetylated regions were found almost exclusively in non-TE gene territories, while H3K9me3 and H3K27me3 regions were found in non-TE genes but also over intergenic regions and TE gene territories in D seedlings. No sizeable differences in frequency were noticed in D to L seedlings.
Our ChIP-chip analysis revealed a total of 9325, 3977, 9997, and 8569 nonoverlapping non-TE genes targeted by H3K9ac, H3K9me3, H3K27ac, and H3K27me3, respectively, in the Arabidopsis genome across the two growth conditions (see Supplemental Data Sets 2 to 5 online). Comparisons of non-TE genes targeted by each modification in D and in D to L seedlings revealed a considerable degree of overlap (except H3K9me3; Figure 3C ). Specifically, 83, 28, 67, and 62% of non-TE genes targeted by H3K9ac, H3K9me3, H3K27ac, and H3K27me3, respectively, in D seedlings were also targeted in D to L (B) Volcano plots illustrating the log 2 of the fold changes (i.e., the ratio of means for each gene) and inverse significance (i.e., log 2 -transformed P value) in gene expression differences between dark-grown wild-type seedlings transferred to white light (D to L) and dark-grown wild-type seedlings (D). Genes with statistically different expression (P value < 0.0001) and fold changes above 2 were considered to be induced genes and are shown in red. Genes with statistically different expression (P value < 0.0001) and fold changes below À2 were considered to be repressed genes and are shown in green. (C) Gene Ontology annotation of differentially expressed genes. Upregulated (red bars) and downregulated (green bars) genes were analyzed using WEGO software (Ye et al., 2006) . Genes were classified on the basis of cellular components.
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To correlate the density of H3K9ac, H3K9me3, H3K27ac, and H3K27me3 coverage with gene expression levels, we performed a Spearman correlation analysis (Spearman, 1904) . We divided each gene into 20 intervals (5% each interval), and the 1-kb regions upstream and downstream of each gene were divided into 50-bp intervals. The correlation coefficients for modification and gene expression levels were plotted for each bin for each growth condition ( Figure 3E ). This analysis revealed a positive correlation between H3K9ac and H3K27ac levels and gene expression levels, indicating that actively transcribed genes are likely to be acetylated. The highest correlation coefficients were observed ;100 bp downstream of the TSS. By contrast, we observed a weak positive correlation for H3K9me3 and a negative correlation between the levels of H3K27me3 and gene expression ( Figure 3E ). Moreover, non-TE genes showing low expression levels (0 to 20%) had the lowest levels of acetylation but the highest levels of H3K27me3 (see Supplemental Figure 2 online). On the other hand, highly expressed non-TE genes had the highest levels of acetylation but were virtually devoid of H3K27me3 (see Supplemental Figure 2 online). Interestingly, H3K27ac and H3K27me3 exhibited variations in correlation strength depending on the growth condition. H3K27ac displayed high correlation coefficients in D seedlings, while lower correlation coefficients were found in D to L seedlings ( Figure 3E ). This can be explained by the observation that highly expressed genes in D to L seedlings exhibited considerably lower H3K27ac levels compared with higher levels in D seedlings (see Supplemental Figure 2 online).
Taken together, these results indicate that the selected histone modifications preferentially target a large number of non-TE genes and that even though a substantial overlap is found between the different growth conditions, a large number of non-TE genes are specific to each condition, suggesting that light modulates chromatin changes. Moreover, these results strongly suggest that light affects the overall correlation strength between the presence of specific histone modifications like H3K27ac and transcription.
H3K9ac and H3K27ac Co-Occur and Are Mutually Exclusive with H3K27me3, Which Targets Genes Expressed in a Highly Tissue-Specific Manner
To gain an understanding of the combinatorial co-occurrence of histone modifications in response to light, we analyzed how often genomic locations were enriched for modification pairs. For example, H3K9ac and H3K27ac tended to colocalize under all growth conditions ( Figure 4A ). On the other hand, H3K9me3 occurred mainly in conjunction with H3K27me3 in wild-type seedlings (D and D to L) .
To analyze further the combinatorial occurrence of modifications, we calculated the average expression levels of non-TE genes targeted by different combinations of histone modifications ( Figures 4B and 4C ). In non-TE genes simultaneously targeted by both H3K9ac and H3K27ac, we observed a higher level of gene expression compared with genes targeted only by H3K9ac or H3K27ac. However, this increase in transcription was light independent since it was detected in all growth conditions. In wild-type seedlings (D and D to L), where H3K9me3 occurred 
3736
The Plant Cell mainly in conjunction with H3K27me3, genes that were modified only by H3K9me3 were expressed at higher levels than those that contained H3K27me3. Recently, genes targeted by H3K27me3 were reported to be expressed in a tissue-specific manner in Arabidopsis (Zhang et al., 2007) . To determine if light affects the tissue specificity of the genes targeted by H3K9ac, H3K9me3, H3K27ac, and H3K27me3, we introduced a definition of tissue specificity based on Shannon entropy (Schug et al., 2005) to rank modified genes according to their overall tissue specificity ( Figure 4D ). As expected, a significant portion of H3K27me3 targets were expressed in a highly tissue-specific manner. However, genes targeted by H3K9ac, H3K9me3, and H3K27ac were preferentially expressed in a non-tissue-specific manner, suggesting that Values from 0 to 6 were grouped as genes with high tissue specificity. The dotted line represents a high tissue specificity distribution of all Arabidopsis genes. LD, H3K27me3 target genes previously identified in wild-type plants grown under long-day conditions by Zhang et al. (2007) . y axis: percentage of genes with high tissue specificity.
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H3K9ac Marks HY5 and HYH in a Light-Dependent Manner
To explore the relationships between photomorphogenesis and activating or silencing histone marks, we analyzed the differences in chromatin profiles over higher-level hierarchical regulators (HY5 and HYH) of the transcriptional cascades for photomorphogenesis. The transcription of the HY5 and HYH genes is known to be dramatically higher in light-grown seedlings compared with seedlings grown in darkness (Holm et al., 2002) . Inspection of the HY5 and HYH loci revealed considerable differences in modification patterns between D and D to L seedlings. In D to L seedlings, H3K9ac showed a massive peak through the transcribed region of HY5 ( Figure 5A ), while no peak was detected in D seedlings. A similar situation could be observed for HYH, in which substantial H3K9ac was found at the promoter region with lower, but significant, levels throughout the coding sequence in the D to L condition. No signal differences or significant signals were found for H3K27ac ( Figure 5B ), H3K9me3, and H3K27me3 (data not shown) over the HY5 and HYH loci. The differential accumulation of H3K9ac at the HY5 locus (as well as at additional loci) in response to light was validated by ChIP-PCR using independently prepared ChIP samples (see Supplemental Figures 3 to 6 online).
To investigate further the impact of histone modifications on photomorphogenic development, we analyzed the overlap between modified genes and putative HY5 binding sites identified by Lee et al. (2007) . Thirty-seven percent of the putative HY5 target genes were also targeted by H3K9ac in D seedlings, while the overlap increased to 52% in D to L seedlings ( Figure 5C ). A similar situation was noticed for H3K27me3. Interestingly, 49% of genes targeted by both H3K27me3 and HY5 were also modified by H3K9ac in D to L seedlings ( Figure 5D ). This is considerably higher than the 10% co-occurrence frequency previously observed between these two modifications ( Figure  4A ). Taken together, these data suggest that acetylation, in particular H3K9ac, is an important contributor to light-regulated genome expression not only through its activating action on HY5 and HYH but also on their downstream targets.
Acetylation Positively Correlates with Activation of Photosynthetic Genes, While H3K27me3 Marks Gibberellin Biosynthesis and Inactivation
It has been previously shown that light induces expression of genes in most major metabolic pathways in Arabidopsis (Jiao et al., 2005) . Therefore, to verify if histone modifications target specific metabolic pathways, we employed the AraCyc tool to visualize biochemical pathways of Arabidopsis (Mueller et al., 2003) . AraCyc currently includes 288 pathways and 5847 Arabidopsis enzyme-coding genes. As query, we used non-TE genes targeted by each modification in different growth conditions. Interestingly, we found metabolic pathways that were mostly modified by activating modifications (H3K9ac and H3K27ac; i.e., photosynthesis), while other pathways were almost exclusively modified by repressive modifications (H3K27me3; i.e., gibberellin metabolism). To examine the influence of light on the extent of chromatin-based regulation of these metabolic pathways, we determined the presence or absence of a specific modification in these pathways in D, and D to L seedlings ( Figures 6A and 7A) .
One of the most striking observations was that photosynthetic genes were targeted by H3K9 and H3K27 acetylation in D, and D to L seedlings, but not by H3K9me3 or H3K27me3 ( Figure 6A ). Our analysis of transcriptomic data using hierarchical clustering showed that the majority of photosynthetic genes were upregulated by light under our experimental conditions ( Figure 6B ), confirming previous observations (Eberhard et al., 2008) . Thus, the presence of acetylation could be a prerequisite to the activation of photosynthetic genes at this developmental stage. In general, photosynthetic genes had stronger H3K9ac signals in D to L seedlings than other genes. On the other hand, the H3K27ac signals were either equal among all conditions or more pronounced in D seedlings. Several examples illustrating these dynamic changes in response to light are presented in Figure 6C .
At1g21170 is a gene coding for a triosephosphate isomerase involved in the conversion of D-glyceraldehyde-3-phosphate into dihydroxyacetone phosphate in the photosynthetic dark reactions or Calvin cycle. In D seedlings, this gene was unmodified by H3K9ac, while clear signal peaks were present in D to L seedlings, suggesting gene activation under these two conditions. No difference in H3K27ac levels was noticed between D and D to L seedlings for At1g21170.
The photosystem I subunit F (PsaF) is involved in the transfer of electrons from plastocyanin to ferredoxin in higher plants. The PsaF gene showed a clear increase in its H3K9ac signal at its 59 end in wild-type seedlings upon transfer to light conditions, which suggests gene activation. However, a lower H3K27ac signal in D to L seedlings was detected compared with D seedlings. These two examples clearly demonstrate that dynamic acetylation changes in response to light have a major role in the dynamic regulation in the expression of photosynthetic genes.
A relationship between light-regulated plant development and gibberellin metabolism has long been proposed, and molecular evidence has recently been reported to support this model (Kamiya and García-Martínez, 1999; Feng et al., 2008) . The superpathway of gibberellic acid (GA) biosynthesis and inactivation in higher plants is compartmentalized between plastids, the endomembrane system, and the cytoplasm (Hedden and Phillips, 2000) . Our analysis demonstrates that the genes coding for enzymes acting in the plastids and the endomembrane system, such as GA REQUIRING1 (GA1), GA2, and GA3 and ENT-KAURENOIC ACID HYDROXYLASE1 (KAO1) and KAO2, were mainly modified by H3K27ac, while components of the cytoplasmic portion of the pathway were under the regulation of H3K27me3 in D and D to L, seedlings ( Figure 7A ). It has been reported that dioxygenase genes are major targets for light regulation of the GA metabolism (Kamiya and García-Martínez, 1999) . Consistent with these findings, we observed that most genes in the GA pathway were differentially regulated in D and D to L seedlings ( Figure 7B ). To some degree, this regulation can be explained by the modulation of the levels of H3K27me3 at these loci. Examples are presented in Figure 7C . The two dioxygenases genes GA2ox7 and GA3ox2 were upregulated in D to L seedlings ( Figure 7B ). Analysis of the H3K27me3 landscape at these loci revealed a clear signal reduction over the promoter regions and first exons of dioxygenase genes in the D to L seedlings, suggesting that the repressive effect of this modification was removed.
Furthermore, we observed that genes that are not affected by the GA pathway did not show any difference in H3K27me3 levels under our experimental conditions. Highly repressed genes (GA2ox6, GA20ox1, and GA3ox1) were not modified by H3K27me3, suggesting that other repressive mechanisms might also be involved. Taken together, these results suggest that changes in the levels of H3K27ac and H3K27me3 are major contributors to light regulation of the gibberellin metabolism.
DISCUSSION
In this study, we systematically investigated the dynamic landscape of four histone modifications in response to light. This exhaustive analysis revealed a combinatorial interplay between histone modifications and light-regulated gene expression and delivers new insights into the chromatin-based regulation of photomorphogenesis.
Characteristic Patterns of H3K9ac, H3K9me3, H3K27ac, and H3K27me3 in Arabidopsis Genes
The coverage provided by our analysis in a specific growth condition is consistent with results from other studies using 
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The Plant Cell similar tiling array platforms (Zhang et al., , 2007 . By studying the effect of the light signal on wild-type seedlings grown under different light conditions, we were able to uncover a significant number of genes targeted by selected histone modifications (9325 for H3K9ac, 3977 for H3K9me3, 9997 for H3K27ac, and 8569 for H3K27me3; Figure 3 ). However, these numbers are in all likelihood conservative estimates of all possible targets due to the limited number of developmental stages studied, as well as due to technical and computational limitations. All four histone modifications examined in this study (H3K9ac, H3K9me3, H3K27ac, and H3K27me3) preferentially targeted genes ( Figure 3C ). This was an expected result because cytological observations established that these modifications (except H3K27ac) target euchromatin in Arabidopsis (Naumann et al., 2005) . Enrichment of histone acetylation is regarded as a positive marker of histone modification associated with gene activation in yeast, mammals, and plants (Bernstein et al., 2002 (Bernstein et al., , 2005 Benhamed et al., 2006; Millar and Grunstein, 2006) . Several studies in human and yeast demonstrated that histone acetylation is enriched in the promoter region of activated genes and that the level of acetylation in the promoter strongly correlates with gene transcription (Bernstein et al., 2002 (Bernstein et al., , 2005 Roh et al., 2005; Nishida et al., 2006; Heintzman et al., 2007) . Even though this phenomenon has been observed in plants in the past, for example, the light induction of H3K9ac at the distal promoter of the maize (Zea mays) Pepc gene (Offermann et al., 2008) , a different image is starting to emerge. Global mapping of H3K9ac in maize shoots and roots found this mark to be mostly enriched at the translation start site of non-TE genes (Wang et al., 2009 ). Accordingly, we observed that in Arabidopsis the presence of H3K9ac and H3K27ac correlates better with transcription when located at the beginning of the gene body region just downstream of the TSS ( Figure 3E ; see Supplemental Figures 7 to 9 online). Similar enrichment profiles for H3K9ac, H3K27ac, and H3K14ac at several drought-responsive loci have been observed in both stressed and unstressed Arabidopsis plants ( Kim et al., 2008) . Moreover, this pattern has also been reported in response to light for the LHB1B2 gene in Arabidopsis (Guo et al., 2008) . These observations clearly suggest a transcriptional regulatory mechanism that might be specific to plant genes.
Our results identified H3K9me3 as an activating mark that precisely targets TSSs in Arabidopsis ( Figure 3E ; see Supplemental Figure 7 online). This finding agrees well with the observed distribution of H3K9me3 over the region located just upstream of the open reading frames of GLABRA2 and CAPRICE in Arabidopsis (Caro et al., 2007) . However, when compared with acetylation, this modification was found to be a weak activator ( Figure 3E ). In the mammalian system, H3K9me3 has been associated with both constitutive and facultative heterochromatin and with both transcriptional repression and activation (Peters et al., 2003; Vakoc et al., 2005) . In Arabidopsis, cytological observations presented clear evidence that H3K9me3 preferentially localizes within euchromatin (Naumann et al., 2005) . Recently, ChIP-chip analysis of H3K9me3 demonstrated that this mark is detected mostly within the euchromatic parts of chromosome 4 in Arabidopsis (Turck et al., 2007) . However, these studies did not present evidence regarding whether this modification is a repressive or an activating mark. Our results clearly point toward a mild activating action of this mark on gene transcription. Interestingly, almost half of the non-TE genes targeted by H3K9me3 in this study were also H3K27me3 targets ( Figure 4A ). This co-occurrence was unexpected since previous work demonstrated that only 6% of H3K9me3 target genes were marked by H3K27me3 (Turck et al., 2007) . The reasons behind this disparity are unknown and do not solely involve gene set discrepancies since 40% of the H3K9me3 target genes are common between the Turck data set and the data generated here (see Supplemental Figure 10 online).
Recent genome-wide mapping in Arabidopsis revealed that H3K27me3 is a major silencing mechanism in plants that targets a large number of genes (Turck et al., 2007; Zhang et al., 2007; Oh et al., 2008) . Our H3K27me3 data agree well with the analyses of Zhang et al. (2007) and Turck et al. (2007) . We found that ;40% of the target genes identified under different light conditions overlapped with the Zhang and Turck data sets, respectively (see Supplemental Figure 10 online). These numbers are impressive considering the obvious differences in tissue composition of the plant material analyzed. While both the Zhang and Turck data sets, which overlap by 65%, were generated from whole seedlings presenting photomorphogenic phenotypes (light-grown for 10 d), our data set was generated from seedlings presenting mostly skotomorphogenic phenotypes ( Figure 1A ). Even if our data set is to some extent different, essential characteristics of H3K27me3 targets are retained. We observed that H3K27me3 was correlated with transcriptional repression and that genes targeted by this modification were expressed in a tissue-specific manner ( Figures 3E and 4D) . However, the H3K27me3 regions detected by our analysis were 43% longer (Table 1) . Using the same analysis method, Zhang et al. (2007) found few regions longer than 1 kb (;700 bp on average). Our analysis indicates that enriched regions in the different conditions have a length of at least 1100 bp. However, this average length is still considerably below the size of H3K27me3 regions observed in animals, which can span up to hundreds of kilobases and cover multiple genes, maintaining them in a transcriptionally repressed state at appropriate developmental stages (Bernstein et al., 2005; Nè gre et al., 2006; Tolhuis et al., 2006) . Nonetheless, this discrepancy in 
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The Plant Cell the length of H3K27me3-covered regions observed between these two Arabidopsis data sets might be the consequence of different developmental stages and growth conditions studied and most likely points toward dynamic changes in the deposition pattern of this modification during morphogenesis.
Differences in Histone Modifications and Transcription in Response to Light
One of the goals of this study was to analyze specifically the possibility of histone modifications being transcription regulators during light-regulated plant development. Recent studies in Arabidopsis showed that factors involved in the regulation of histone modifications, such as histone acetyltransferases and histone deacetylases, are light responsive and that acetylated histones are required for light-regulated gene expression (Chua et al., 2001; Bertrand et al., 2005; Benhamed et al., 2006) . However, these studies only offer a glimpse of the global epigenetic landscape due to the limited number of genes studied. Our genome-wide approach offers the most comprehensive overview of histone modification changes in response to light to date. Furthermore, the results of this study also suggest the existence of a chromatin-based program regulating photomorphogenesis. We observed that more protein-coding genes contained H3K9ac and H3K27me3 in D to L seedlings than in D seedlings ( Figure  3C ). These results illustrate that each growth condition has its own epigenome, corroborating the hypothesis that dynamic changes occur in response to environmental stimuli. We demonstrated that differences in histone modifications are correlated with differences in transcript abundance ( Figure 3E ). Furthermore, the differences in correlation strength between the modification signal and transcription exhibited by specific histone marks in response to light suggest that specific histone modifications might have dominant roles in photomorphogenesis. Taken together, our observations support the general concept that differential modification of the epigenome is an important component of developmental regulation of gene transcription.
Light-Regulated H3K9ac Targets Photomorphogenesis-Promoting Components, Such as HY5 and HYH
Through an analysis of det1, cop1, and hy5 mutants, direct evidence has been provided that some key factors of the photomorphogenesis pathway also participate in the regulation of histone modifications by influencing the relative enrichment of H3K9ac and Pol II during gene transcription (Guo et al., 2008) . Moreover, it has been shown that a significant proportion of light-regulated genes depend on both GCN5 histone acetyltransferase and HY5 for expression (Benhamed et al., 2008) . Our findings that H3K9ac specifically targets HY5 and HYH in a light-dependent manner ( Figure 5 ) further reinforce the concept that histone marks, such as acetylation, might be key players or switches to relay environmental stimuli like light to gene transcription in Arabidopsis. Moreover, the observation that a large number of HY5 targets are also targeted by acetylation provides evidence that histone marks might form a second layer of regulation for this subset of genes. Consequently, acetylation might act synergistically with HY5 and HYH to properly regulate the transcription of downstream effectors. The presence of a number of bivalent genes, which simultaneously have activating and repressive histone modifications, is also an indication that this subset is composed of developmentally important genes. Bivalent genes were observed in embryonic stem cells where the co-occurrence of H3K27me3 and H3K4me3 was described for a group of key developmental regulators (Bernstein et al., 2006) . Bivalent domains were proposed to silence developmental genes while keeping them poised for activation. Since we observed that a significant number of HY5 targets are bivalent genes, it is possible that a similar situation occurs during light-regulated gene transcription, in which the expression of key effectors is tightly regulated by the simultaneous presence of activating and repressing marks. However, we cannot rule out allelic differences in chromatin modification and the complexity of the tissues used as starting material as alternative explanations for the apparent coexistence of both activating and repressive histone marks.
Photosynthesis-Related Genes Are Marked by Acetylation
Photosynthesis-related genes were the most highly enriched functional group among HY5 targets (Lee et al., 2007) . This observation supports our findings that two acetylation marks studied here specifically targeted photosynthetic genes ( Figure  6 ). Furthermore, several examples of photosynthetic genes modified by acetylation in response to light conditions have been published. It has been demonstrated that light-regulated expression of the pea plastocyanin gene (PetE) was specifically associated with the acetylation of histones H3 and H4 (Chua et al., 2001 (Chua et al., , 2003 . Offermann et al. (2006) previously reported that the chromatin of the phosphoenolpyruvate carboxylase (Pepc) gene in maize is acetylated in response to light. 
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The Plant Cell Furthermore, it has been shown that light selectively induced the acetylation of H4K5 and H3K9 in both the promoter and the transcribed region of the maize Pepc gene and that the induction was fully reversible in the dark (Offermann et al., 2008) . Our results extend the observations provided by these reports by showing that the vast majority of photosynthetic genes are targeted by acetylation in response to light. Furthermore, this modulation of the acetylation signal is consistent with the activation level of these genes during the dark-to-light transition ( Figure 6 ). These findings support our conclusion that acetylation directly regulates the transcription of photosynthesis-related genes during seedling photomorphogenesis.
GA-Related Genes Are Marked by H3K27me3
The manifold roles of GAs in plant development suggest a complex regulation of GA-related genes. Recently, GA and light signaling pathways were shown to interact to regulate the deetiolation process by modulating the activity of the HY5 and PHYTOCHROME INTERACTING FACTOR light signaling elements, which represent integration nodes for both pathways (Alabadi et al., 2008; de Lucas et al., 2008; Feng et al., 2008) . Moreover, several genes involved in GA metabolism were found among the HY5 binding targets (Lee et al., 2006) and many dioxygenase genes are light regulated (Hedden and Phillips, 2000) . Our analysis clearly demonstrated that dioxygenase genes were heavily targeted by H3K27me3 and that the level of this modification was correlated with expression changes, suggesting that H3K27me3 is a major player in the regulation of this pathway ( Figure 7 ). Previous reports have linked the repressive histone mark H3K27me3 to GA through the regulator PICKLE (PKL; Zhang et al., 2008) . pkl mutants exhibit the phenotypic hallmarks of a plant that is defective in the ability to respond to GA, including reduced responsiveness to GA and elevated levels of bioactive GAs (Ogas et al., 1997) . PKL codes for an ATP-dependent chromatin remodeling factor in the CHD3 family (Ogas et al., 1999) . In animal systems, CHD3 proteins are a component of the Mi-2/NuRD complex that contributes to transcriptional repression (Denslow and Wade, 2007) . In plants, it has recently been suggested that PKL plays a role in deposition and/or maintenance of H3K27me3 since levels of this mark were reduced at several loci in pkl . Furthermore, a substantial overlap between PKL-dependent genes and genes that are enriched for trimethylation of histone H3K27me3 was found (Zhang et al., 2007 . Interestingly, PKL and GA were found to act together or synergistically during specific developmental windows during which PKL and GA act to repress expression of seed-associated developmental programs (Rider et al., 2003; Zhang et al., 2008) . Therefore, it is possible that the modulation of H3K27me3 levels in dioxygenase genes in response to light might represent a yet undiscovered integration node between the GA and light pathways.
METHODS
Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was the genetic background used for this study. Surface-sterilized seeds (250 mg) were sown on sterile half-strength Murashige and Skoog medium (Sigma-Aldrich) containing 1% sucrose. Seeds were stratified for 2 d at 48C and then germinated and grown for 5 d at 228C in continuous darkness (D). Six hours before harvest, a number of plates were transferred to continuous white light (D to L). Seedlings from all conditions (D and D to L) were harvested at the same time of day. A total of eight independent biological replicates for each condition were collected for further analysis (four for array hybridization and four for validation).
ChIP and Microarray Hybridization
Chromatin isolation was performed with 10 g of whole seedlings tissue according to Bowler et al. (2004 
Microarray Data Analysis
Data were analyzed with the integrated tools of CisGenome (http://www. biostat.jhsph.edu/~hji/cisgenome/) (Ji et al., 2008) . Raw microarray data were quantile normalized and modified regions were detected with TileMap using the Hidden Markov model option and the Unbalanced Mixture Subtraction method (Ji and Wong, 2005) to provide an approximate estimate of model parameters for HMM (false discovery rate). Analysis parameters were set according to published studies (Zhang et al., , 2007 . Briefly, neighboring probes yielding posterior probabilities of 0.5 or higher were joined into regions by requiring a minimal run of 100 bp and allowing a maximal gap of 200 bp. Default settings were used for the remaining parameters. Genomic regions associated with each modification were identified as those presenting significantly higher hybridization signals when probed with ChIP samples than with nucleosomal DNA (DNA pulled down with the anti-H3 antibody). All raw microarray data (CEL files) have been deposited in the Gene Expression Omnibus (GSE15597). Arabidopsis full-length cDNAs were mapped onto the Arabidopsis genome to identify TSSs as described by Tanaka et al. (2009) . If two or more transcript variants were derived from the same locus, the most upstream TSS was selected. No clustering analysis was performed to assign TSSs. Tissue specificity analyses were performed as described (Schug et al., 2005) . Shannon entropy values were calculated on a scale from 0 to 12 (low entropy values = high tissue specificity). Gene expression data used for the analysis shown in Figure 4 were from a previous publication reporting the transcriptional profiling of Arabidopsis genes across various developmental stages (Schmid et al., 2005) .
Gene Expression
Four independent biological replicates were grown as detailed above and harvested for RNA isolation (RNeasy; Qiagen). RNA quality was assessed with an Agilent 2100 Bioanalyzer, and hybridization to the Affymetrix GeneChip Arabidopsis ATH1 Genome Arrays was performed according to the manufacturer's instructions. For assessing differential expression (D to L versus D), raw microarray data were normalized using the robust multi-array average analysis (Irizarry et al., 2003) and subsequently analyzed with an Empirical Bayes model (Wright and Simon, 2003) and a false discovery rate controlling procedure (Benjamini and Hochberg, 1995) included in the Flexarray software package (http://genomequebec. mcgill.ca/FlexArray/).
Validation of ChIP-Chip Results
Modified and unmodified regions were validated using four independently prepared ChIP samples for each condition. The ChIP-DNA samples were resuspended in 30 mL water, and 1 mL was used for PCR amplification with specific primers listed in Supplemental Table 1 online. PCR conditions were as follows: 958C for 2 min, 28 to 30 cycles at 958C for 30 s, 608C for 30 s, 728C for 1 min, followed by 728C for 10 min. Amplified DNA products were separated on a 1.5% agarose gel subsequently stained with SYBR Green I Nucleic Acid Gel Stain (Lonza). Images were digitally captured with a GelDoc 2000 system (Bio-Rad) and quantified using ImageJ version 1.34s (http://rsbweb.nih.gov/ij/). The enrichment of a modified region was determined as the fold change of modification over nucleosomal DNA and normalized by the first negative locus in each region as previously described (Zhang et al., 2007) . Quantum RNA 18S internal standards (Ambion; AM1718) were used as internal controls to compare D and D to L samples.
Histone Extraction and Protein Gel Blot Analysis
Histones extraction was performed according to Tariq et al. (2003) with modifications. Four grams of seedlings were homogenized in extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCl, pH 8.0, 5 mM 2-mercaptoethanol, 0.1 mM PMSF, and protease inhibitors), filtered through four layers of miracloth and centrifuged for 20 min at 2880g at 48C. Pellets were resuspended in 1 mL of histone extraction buffer (10 mM Tris-HCl, 2 mM EDTA, 0.25 M HCl, 5 mM 2-mercaptoethanol, 0.2 mM PMSF, and protease inhibitors), and soluble proteins were isolated by centrifugation, precipitated with 25% trichloroacetic acid, and repelleted by centrifugation at 17,000g for 30 min. Pellets were washed twice with ice-cold acetone, resuspended in Laemmli buffer, separated electrophoretically on Novex 4 to 20% Tris-glycine gel (Invitrogen), and transferred to Immobilon PVDF membranes (Millipore). Histone modifications were detected with the antibodies used for ChIP experiments (see above) and visualized with film using a horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (Sigma-Aldrich) and the ECL detection system (GE healthcare).
Accession Numbers
The Arabidopsis Genome Initiative locus number for the major genes discussed in this article are At1g02400 for GA2ox6, At1g05160 for KAO1, At1g15550 for GA3ox1, At1g21170 for triosephosphate isomerase, At1g31330 for PsaF, At1g50960 for GA2ox7, At1g79460 for GA2, At1g80340 for GA3ox2, At2g25070 for PP2C, At2g32440 for KAO2, At3g15095 for hypothetical protein, At3g17609 for HYH, At3g47470 for CAB4, At3g57010 for strictosidine synthases 1, At3g57020 for strictosidine synthases 2, At3g57030 for strictosidine synthases 3, At4g02780 for GA1, At4g25420 for GA20ox1, At5g11260 for HY5, At5g25900 for GA3, At5g66400 for RAB18, and At5g67630 for putative DNA helicase. All raw microarray data (CEL files) have been deposited in the Gene Expression Omnibus (GSE15597). 
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